The goal of this study was to evaluate the effects of ractopamine-hydrochloride (RAC) supplementation on the myosin heavy chain isoform distribution and shelf-life properties of muscles from beef top round, knuckle, and loin. Thirty-four steer carcasses were selected from 4 separate slaughter groups. Within each slaughter group (3 groups, n = 8; 1 group, n = 10), steers were separated into pens (n = 8) and fed 0 or 200 mg•animal −1 •d −1 of RAC for the final 28 d of feeding. Seventy-two hours postmortem, the longissimus lumborum, semimembranosus (SM), adductor, gracilis, vastus lateralis (VL), and rectus femoris were removed from each carcass. A subsample of each muscle was collected for immunohistochemical analysis. Whole muscles were vacuum packaged and wet aged at 1 ± 2°C for 13 d before processing into steaks for a 5-d simulated retail display study. Daily, steaks were analyzed for reduction of nitric oxide metmyoglobin, lean color, fat color, and surface discoloration. Objective measures of metmyoglobin, oxymyoglobin, L*, a*, and b* values were recorded daily. Ractopamine significantly (P < 0.05) changed the fiber type isoform distribution in all muscles except the SM. The VL and gracilis presented the greatest fiber type switch with approximately 21% of type I fibers switching to type IIA fibers. However, the fiber type shifts induced by RAC supplementation had little to no effect on subjective and objective color measurements during the 5-d retail display period. Metmyoglobin and oxymyoglobin accumulation, L*, a*, and b*-values were not affected (P > 0.05) by RAC supplementation. Percent nitric oxide metmyoglobin reduction data indicate that reducing ability of RACtreated steaks from the adductor and longissimus lumborum were significantly affected (P < 0.05). Visual panel data suggest that RAC tended (P < 0.10) to have the most detrimental effect on the lean color and surface discoloration scores of steaks from the VL during the last 3 d of display. Ractopamine significantly (P < 0.05) increased the surface discoloration of the rectus femoris and SM on d 5. Although RAC supplementation had no effect on objective color measurements, subjective measurements indicate that it may have some effect on surface discoloration of some muscles.
INTRODUCTION
Feeding ractopamine hydrochloride (RAC; 200 mg•animal −1
•d −1 ) to steers influences animal performance and carcass quality in a positive manner. Schroeder et al. (2005) reported that RAC improves ADG and G:F by 26%, and Winterholler et al. (2007) reported that total BW gain can significantly improve by 6%. Ractopamine increases HCW and ribeye area, decreases fat, and increases dressing percentage by as much as 3.6% (Schroeder et al., 2005; Winterholler et al., 2008) .
The mechanism by which RAC increases muscle size is interconnected with its ability to alter the metabolic profile of the individual fibers. In swine (Aalhus et al., 1992) and cattle (Gonzalez et al., 2007 (Gonzalez et al., , 2008 , RAC causes upwards of 30% of the type I slow-twitch muscle fibers to transition to the type II fast-twitch isoform. Type I muscle fibers rely on mitochondrial oxidative phosphorylation for the generation of ATP, thus predisposing these cells to elevated concentrations of NADH, an electron donor for this process. Type II fibers contain fewer mitochondria and less intracellular NADH (Howlett and Willis, 1998) .
The NADH content is key to color development and stability in meat products. The reducing agent acts as a cofactor during the conversion of metmyoglobin to deoxymyoglobin in meat (Mancini and Hunt, 2005) . Because product color is a primary determinant of consumer purchase (Hedrick et al., 1994) , prevention of metmyoglobin accumulation and subsequent brown color formation is critical during retail display. Feeding programs that elicit effects on the metabolic profile of individual muscles may indirectly affect meat color and shelf-life attributes. The objective of this study was to evaluate the effects of RAC on muscle fiber type, myosin heavy chain (MyHC) isoform distribution, nitric oxide metmyoglobin (NOM) reducing activity, and shelf-life properties of 6 muscles harvested from the loin and round.
MATERIALS AND METHODS
Experimental procedures were approved by the University of Florida Institutional Animal Care and Use Committee.
Animals and Preslaughter Diets
Thirty-four crossbred steers were selected from steers housed at the University of Florida Beef Teaching Unit. Upon selection, steers were separated into 4 slaughter groups (3 groups of 8 and 1 group of 10). All cattle were administered a Ralgro implant (36 mg of Zeranol, Schering-Plough Animal Health, Union, NJ) followed by a Revalor-S implant (120 mg of trenbolone acetate and 24 mg of estradiol). Within each slaughter group, steers were stratified by breed type and separated into 2 pens (control treatment pen and RAC treatment pen) so that initial pen BW and visual backfat thickness were similar. Pens were established 2 wk before RAC supplementation to allow establishment of herd dynamics. Steers were fed daily a concentrate diet consisting of 85% corn, 7.5% cottonseed hulls, and 7.5% commercially produced protein pellet. All steers were supplemented with a hand-mixed top dress (0 mg•animal 
Slaughtering and Sample Collection
Steers were slaughtered at the University of Florida Meat Laboratory under federal inspection following the Humane Methods of Slaughter Act of 1978. Seventy-two hours postmortem, the boneless strip loin (IMPS/NAMP 180), knuckle (IMPS/NAMP 167), and top round (IMPS/NAMP 168) were excised from the right side of each carcass. Immediately following subprimal removal, whole muscles were removed including the longissimus lumborum (LL) from the boneless strip loin; the adductor (ADD), gracilis (GRA), and semimembranosus (SM) from the top round; and the rectus femoris (RF) and vastus lateralis (VL) from the knuckle. A 1-cm 3 portion was removed from each muscle, frozen in optimal cutting temperature (OCT) tissue freezing medium (Fisher Scientific, Hampton, NH) , and stored at −80°C for immunohistochemical analysis. Whole muscles were placed in heat shrink vacuum bags (B2570; Cryovac, Duncan, SC) and vacuum packaged using a Multivac C500 (Multivac Inc., Kansas City, MO). Muscles were wet aged for 13 d postmortem at 1 ± 3°C.
Immunohistochemistry
The methods used by Gonzalez et al. (2007 Gonzalez et al. ( , 2008 for immunohistochemical staining were followed with slight modifications. Twelve micrometer cryosections from each muscle were collected on frost resistant slides (Fisher Scientific). Nonspecific antigen sites were blocked with 5% horse serum in PBS. Cryosections were incubated in primary antibodies for 60 min at room temperature. Primary antibody solution consisted of anti-myosin heavy chain type I (BAD.5, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City) hybridoma supernatant with anti-α-dystrophin (1:50; Abcam, Cambridge, MA). After washing with PBS, cryosections were incubated in goat anti-rat biotin (Vector Laboratories, Burlingame, CA) for 20 min at room temperature. After washing with PBS, cryosections were incubated in rabbit anti-mouse AlexaFluor 568 (Invitrogen, San Diego, CA) and steptavidin AlexaFluor 488 (Invitrogen) for 45 min to detect dystrophin and MyHC type I, respectively. After a final PBS wash, slides were visualized using an Eclipse TE 2000-U microscope (Nikon, Lewisville, TX) equipped with an X-Cite 120 epifluorescence illumination system (EXFO, Mississauga, Ontario, Canada). Photomicrographs were captured using a Photometrics Cool Snap EF digital camera (Nikon) and analyzed for individual muscle fiber cross-sectional area (data presented elsewhere) and MyHC isoform using the NIS-Elements software (Nikon). For each animal, a minimum of 500 fibers were measured and analyzed. All fibers not labeled as MyHC type I were assumed to be type II (IIA or IIX) fast-twitch (Gonzalez et al., 2007 (Gonzalez et al., , 2008 .
Steak Cutting, Packaging, and Display
Following aging, muscles were removed from their vacuum bags and cut into six 1.27-cm steaks. Steaks were cut from the same end of each muscle, perpendicular to the orientation of the muscle fibers. The first 5 steaks were used for reduction of NOM analysis at d 0, 1, 2, 3, and 4. The sixth steak was used for daily visual panel evaluations and d-5 reduction of NOM analysis. Steaks from the LL and VL were placed on 17S Styrofoam trays (Genpack, Glens Falls, NY), steaks from the ADD, GRA, and VL were placed on 1S Styrofoam trays (Genpack), and steaks from the SM were placed on 10S Styrofoam trays (Genpack). Each tray contained a Dri-Loc 40 g white meat pad (Sealed-Air Corporation, Elmwood Park, NJ) and was overwrapped with polyvinylchloride film (23,250 mL of O 2 /m 2 /24 h°C/% relative humidity). Steaks were displayed in a Hill (Hill Refrigeration Div., Trenton, NJ) coffin-style retail case at 2 ± 3°C for 5-d. Cases were illuminated with GE T8 Linear Fluorescent lamps (2,800 lm, 4,100 K; General Electric Company, Fairfield, CT) that emitted a case average of 1,148 lx with a 12-h on, 12-h off lighting schedule. Steaks were rotated daily to compensate for uneven temperature and light distribution within the case.
NOM Reducing Analysis
The procedures of Watts et al. (1966) , Sammel et al. (2002), and McKenna et al. (2005) were followed with minor adjustments for the measurement of NOM reduction as an indicator of metmyoglobin reducing activity (MRA). In this assay, MRA correlates well with surface color changes over retail display time and is an acceptable method when examining multiple muscles across time (Sammel et al., 2002) . Each day, samples of each steak measuring 5 cm × 5 cm × 1.27 cm were placed in 400-mL Pyrex beakers (Corning Inc., Acton, MA). Samples were oxidized in 50 mL of 0.3% NaNO 2 (Fisher Scientific) at 25 ± 2°C for 30 min. The samples were removed from the NaNO 2 solution, blotted of excess solution, and vacuum packaged in FoodSaver (Jarden Corp., Rye, NY) 27.94-cm bags with an oxygen transmission rate of 6.7 mL/m 2 /24 h/23°C/0% relative humidity. Reflectance measurements ranging from 400 to 700 nm were taken every 30-min for 2-h using a HunterLab MiniScan XE (HunterLab, Reston, VA) spectrophotometer with a 2.54-cm aperture. Spectrophotometric measurements were captured using illuminant A and 10° standard observer. Before each data collection period, the MiniScan was calibrated on both a black and white tile. Spectral data collected at 525 and 572 nm were used to calculate metmyoglobin percentage following American Meat Science Association (AMSA) procedures (AMSA, 2003) . Nitric oxide metmyoglobin reducing ability was calculated as (observed decrease in metmyoglobin concentration ÷ initial metmyoglobin concentration) × 100.
Subjective and Objective Color Analysis
Using a whole number scale (AMSA, 2003) , a 6-to 8-member trained panel evaluated steaks for beef lean color (8 = extremely bright cherry red; 1 = extremely dark red), fat color (5 = yellow; 1 = white), and surface discoloration [7 = total (100%) discoloration; 1 = no (0%) discoloration] daily for 5 d. Objective color measurements of these samples were taken using a HunterLab MiniScan XE. Illuminance and aperture settings, as well as calibration procedures, were the same as described above. Spectral reflectance data from 400 to 700 nm were used to calculate ratios of metmyoglobin and oxymyoglobin present on the surface of the steaks, according to AMSA procedures (2003) . Following collection of spectral data, absolute International Commission on Illumination (CIE) L*, a*, b* reflectance data were collected on the same samples. Two measurements per steak to represent the color of the entire steak were averaged for spectral and absolute data.
Statistics
Data were analyzed similar to Stelzleni and Johnson (2007) using carcass as the experimental unit. Reducing activity, objective, and subjective color data were analyzed as a split-plot design with repeated measures. Carcass was considered the whole plot, and muscle was considered the sub-plot. Carcass nested within slaughter group was utilized as the random error for the whole plot, and muscle × carcass nested within slaughter group was considered the random error for the sub-plot. Day was the repeated measure with carcass nested within slaughter group as the subject. Muscle fiber cross-section area data were analyzed using a split-split-plot design. The whole plot and subplot variables were the same as in the shelf-life data. The subsubplot consisted of muscle fiber type. Carcass nested within slaughter group was utilized as the random error for the whole-plot, and muscle × carcass nested within slaughter group was considered the random error for the sub-plot. Muscle fiber type × muscle × carcass nested within slaughter group was considered the random error for the sub-sub-plot. All measured variables were analyzed with the PROC MIXED procedure (SAS Inst. Inc., Cary, NC). Pair-wise comparisons between the least square means of the factor levels were computed using the PDIFF option of the LSMEANS statement. Fiber frequencies were tabulated and compared by chi-square analysis using PROC FREQ statement of SAS. Treatment group frequencies within a fiber type were compared with one another by a 2 sample t-test for proportions. Differences were considered significant at α ≤ 0.05 and tendencies at α ≤ 0.10.
RESULTS
Ractopamine supplementation did not affect (P > 0.05) the cross-section area of type I or II fibers in the 6 muscles analyzed (Table 1) . Ractopamine supplementation caused a significant type I to type II fiber shift in the ADD (P = 0.0033), LL (P = 0.0044), VL (P < 0.0001), and GRA (P < 0.0001). The VL and GRA exhibited the largest percentage fiber shift. In addition, RAC supplementation caused a significant type II to type I fiber shift in the RF (P < 0.0001). The MyHC distribution within the SM remained unchanged by RAC.
Nitric oxide metmyoglobin reducing ability was not significantly affected (P > 0.05) by RAC supplementation in the GRA, RF, SM, or VL. The ability of RAC-treated steaks from the ADD to reduce NOM was greater on d 0 (P = 0.0292) and d 1 (P = 0.0070) of the display period, but was not different thereafter. The LL was the only other muscle affected by RAC supplementation. Longissimus lumborum NOM reducing ability was significantly greater (P = 0.0142) in RAC-treated steaks on d 2. Ractopamine did not affect metmyoglobin or oxymyoglobin accumulation or L*a*b* color scores (Tables 2 and 3 ).
Visual panel scores of the 6 muscles indicate that RAC supplementation had little effect on beef lean color or fat color (Table 4) . Ractopamine did not affect (P > 0.05) surface discoloration scores from d 0 to 3 of the display period in the GRA, LL, RF, SM, or VL. Vastus lateralis steaks from RAC animals had more surface discoloration on d 4 (P = 0.05) and tended to have more discoloration on d 5 (P = 0.07). Similarly, RF and SM steaks from RAC steers exhibited more surface discoloration (P = 0.0092 and P = 0.04, respectively) than CON at d 5. The ADD steaks discolored rapidly, with RAC steaks scoring more (P = 0.05) than CON by d 3. Means within a fiber type and row with different letters are significantly different (P < 0.05). Means within a muscle and row without common superscript differ significantly (P < 0.05). 
DISCUSSION
The benefits of feeding RAC to cattle on live and carcass characteristics are well documented (Sissom et al., 2007; Winterholler et al., 2007 Winterholler et al., , 2008 . However, few data exist profiling the effects of RAC on steak retail display color stability. The oxidation state of myoglobin, the heme-containing protein that stores oxygen in the muscle, determines the color that a consumer sees. Before myoglobin is exposed to oxygen, it is in the deoxymyoglobin state, which results in a purple color. As the myoglobin is exposed to oxygen, it is converted into oxymyoglobin. Oxymyoglobin results in the typical bright cherry red color that the consumer desires. As meat ages, oxymyoglobin experiences oxidation and the formation of metmyoglobin occurs (Aberle et al., 2001 ). Concurrently, lipid oxidation occurs in the intramuscular fat, membrane phospholipids, and intermuscular fat. This oxidative system results in the formation of metmyoglobin in the meat and correlates to the amount of discoloration observed (Faustman and Cassens, 1990 ). In the retail display case, consumers visually evaluate numerous factors when considering which product to purchase (MacKinney et al., 1966) . These factors may include portion size, leanness, ease of preparation, and color. According to Hedrick et al. (1994) and Kropf (1980) , color is the single most important visual component that determines if a consumer will purchase a meat product. Therefore, the effect of RAC on metmyoglobin accumulation on the surface of steaks requires attention.
Regardless of treatment, muscles observed in the study had different reducing potential, or ability to maintain this potential, during display. The differences observed in reducing potential translated into differences in a* values and (K/S) 572 /(K/S) 525 ratios, which are used to estimate surface metmyoglobin percentage. From d 0 of the study, the LL and SM displayed the largest percentage NOM-reducing ability, whereas the RF exhibited the least. The LL maintained the greatest NOM reducing ability throughout the 5-d display period. The VL and GRA began display with similar NOM-reducing abilities, and the VL was able to maintain the second largest percentage of NOM reduced by the end of the study. The ADD and RF had the least NOM-reducing abilities. The ADD did not possess the capability to maintain NOM-reducing ability throughout the 5-d study. Initial percentage of NOM reduced from this muscle was similar to the GRA or VL, and the ADD ultimately possessed the least percentage of any muscle.
Spectral data used to calculate ratios of the accumulation of metmyoglobin and oxymyoglobin indicate that muscles followed patterns similar to those reported in the NOM-reducing data. At the beginning of the display period, all muscles exhibited similar ratios for oxymyoglobin and metmyoglobin accumulation. By the end of the display period, the LL and VL had the least Table 3 . Least squares means of HunterLab MiniScan XE (HunterLab, Reston, VA) L*, a*, and b* values from steaks originating from 6 muscles of steers fed with (RAC) and without (CON) amount of metmyoglobin and subsequently the greatest amount of oxymyoglobin. In contrast, the ADD and RF had the smallest ratios and accumulated the largest concentration of metmyoglobin and smallest concentration of oxymyoglobin. The rapid increase in ADD and RF metmyoglobin was apparent by d 2 of retail display; similar results were observed with a* values. The LL and SM maintained greater a* values throughout the 5-d study, indicating that muscles were redder in appearance. These findings agree with McKenna et al. (2005) who found that the LL and VL had the greatest and the ADD had the least NOM-reducing ability. However, these researchers found that the RF had greater reducing ability than the SM. The (K/S) 572 /(K/S) 525 ratios indicated that the LL, VL, and SM were the most resistant to metmyoglobin accumulation, and the RF and ADD accumulated metmyoglobin rapidly. Instrumental a* values indicated that the LL was the reddest during display. The SM, VL, and RF maintained similar redness values, and the ADD rapidly lost its red hue. Our results, in agreement with McKenna et al. (2005) who evaluated steaks from 19 different muscles throughout the beef carcass, demonstrate that muscles degrade in color at different rates and should be marketed accordingly to reduce product losses or devaluation. Dietzel (1990) reported that supplementation of RAC produced steaks with a brighter cherry red lean color after 4 d of display when compared with untreated steaks. Additionally, steaks from ractopamine-fed steers maintained their overall appearance longer than steaks from nontreated steers. In the current study, spectral and absolute data indicate that RAC supplementation did not affect the color stability or metmyoglobin accumulation in steaks from the 6 muscles analyzed. More importantly, metmyoglobin accumulation, as measured by (K/S) 572 /(K/S) 525 ratio, was unaffected by RAC supplementation. However, visual panel data indicate that RAC did have a detrimental effect on the beef lean color and surface discoloration scores of several muscles. Ractopamine steaks from the VL were darker on d 3 and 5 of display. In addition, CON steaks from the VL appeared to reach a stable lean color score during the last 3 d of display, whereas the RAC steaks continued to become darker. Ractopamine-treated VL steaks had more surface discoloration during the last 3 d of display. Ractopamine steaks from the GRA, RF, and SM also demonstrated greater discoloration on d 5 of display. Therefore, whereas objective measures of color were unable to detect treatment differences, visual panelists observed differences that a consumer may also detect. In agreement with our findings, Neill et al. Means within a muscle and row without common superscript differ significantly (P < 0.05).
x,y
Means within a muscle and row without common superscript tend to differ (P < 0.10). 1 8 = Extremely bright cherry-red; 7 = Bright cherry-red; 6 = Moderately bright cherry-red; 5 = Slightly bright cherry-red; 4 = Slightly dark cherry-red; 3 = Moderately dark red; 2 = Dark red; 1 = Extremely dark red. (2008) found that steaks originating from the knuckle of implanted cull cows fed zilpaterol-HCl were darker and had more discoloration on d 5 of display than cows that were grass fed, concentrate fed, and concentrate fed with the inclusion of zilpaterol.
The decrease in shelf-life witnessed in this study may be attributed to a physiological effect commonly observed when feeding β-agonists, a shifting of MyHC isoforms. In swine, RAC increases the percentage of type IIB fibers at the expense of type IIA and IIX fibers (Depreux et al., 2002; Gunawan et al., 2007) . In cull cows, RAC included in a high concentrate feeding program can shift muscle MyHC distribution to more glycolytic or oxidative isoforms depending on the muscle evaluated. In the LM, SM, and VL, RAC caused a MyHC shift from type I to type IIA by as much as 30%, whereas the MyHC distribution of the infraspinatus shifted from type IIA to type I by 7% (Gonzalez et al., 2007 (Gonzalez et al., , 2008 ). In the current study, all steer muscles observed had RAC-induced MyHC fiber type shifts except the SM. The lack of fiber shifting in the SM is surprising because the SM had one of the largest MyHC isoform shifts in RAC supplemented cull cows (Gonzalez et al., 2008 ). In the current study, the VL and GRA had the largest percentage shift with 21 and 11% of their type I fibers shifting to type II fibers, respectively. This isoform shift in the VL is in line with previous report (Gonzalez et al., 2008) . The ADD and LD demonstrated 7 and 6% type I to type II shift, respectively. In contrast, the RF had 14% increase in type I fibers at the expense of type II fibers. The shifting of type II fibers to type I fibers seen in the RF was also seen in the infraspinatus of cull cows (Gonzalez et al., 2008) , which further exemplifies that muscles of beef cattle have differential responses to RAC.
Muscle type is a major factor in determining the rate of meat discoloration (Hood, 1980) . The fiber type and metabolic processes that the individual muscle fibers utilize affect visual meat color. Faustman and Cassens (1990) reported that the fiber type composition of steaks under aerobic display affects the rate of discoloration through accumulation of metmyoglobin by altering the rate of oxygen diffusion and consumption, autoxidation of myoglobin in the presence of oxygen, and rate of MRA. Of these factors, McKenna et al. (2005) and Bekhit and Faustman (2005) identified MRA as the basis for meat discoloration by reducing metmyoglobin accumulation.
The MRA of muscle is strongly affected by the fiber composition of muscle due to the type of metabolism utilized within the fiber. Type I fibers rely more heavily on oxidative metabolism than type II fibers, which utilize glycolytic metabolism (Aberle et al., 2001) . Because of these differences in metabolism, type I fibers contain more mitochondria than type II fibers. Giddings (1974) hypothesized and others confirmed (Arihara et al., 1996) that mitochondria contribute to metmyoglobin reduction by supplying NADH as a reducing cofactor. Kim et al. (2008) confirmed that muscle fiber type has an effect on NADH presence by demonstrating that porcine muscle with a high percentage of oxidative fibers contains more NADH. Based on these findings and the fiber type shift toward glycolytic in the current study, one would expect RAC-treated muscles to exhibit less MRA. The fiber type percentage shift needed to affect the MRA of muscles remains unknown, but the current data suggest that it must be larger than 21%. Steaks which exhibited muscle fiber type shifts due to RAC supplementation did not exhibit the expected changes in MRA as measured by NOM-reducing ability.
The inability to detect changes in metmyoglobin reduction may be related to the assay of choice as the role of the MRA system and tests used to measure it remain controversial (Bekhit and Faustman, 2005) . Beef MRA can be measured by total reducing activity, aerobic reducing ability, metmyoglobin reductase activity, and NOM-reducing assays (Sammel et al., 2002; McKenna et al., 2005) . Previous reports indicate that NOM is intermediately correlated (r = 0.61) with metmyoglobin accumulation (McKenna et al., 2005) and only correlated well with metmyoglobin accumulation when discoloration differences were the largest (Sammel et al., 2002) . However, Ledward (1972) reported that aerobic reducing ability is highly correlated (r = −0.94) to metmyoglobin concentration, and Sammel et al. (2002) found this assay to be the best method for measuring reducing ability. Therefore, employment of additional methods to measure MRA than the one utilized in this study may help explain the surface discoloration data reported on d 5 of the study and resolve the discontinuity found between the NOM reducing data and the fiber type shift. of RAC for the final 28 d of feeding induced a MyHC fiber shift in all muscles observed except the SM. The shift observed was not consistent between muscles, which confirmed that RAC differentially affects muscles in young beef cattle. The expected effects of the RAC induced shift on NOM reducing ability, L*a*b* values, and (K/S) 572 /(K/S) 525 ratio was not seen. Therefore, a greater shift toward type II fibers may be required to affect these shelf-life characteristics. However, visual panel surface discoloration scores indicated that by d 5 of the study RAC had a detrimental effect on color stability. The inconsistencies between the MRA results and visual panel surface discoloration may be due to the test used to measure MRA, but requires further research.
Conclusions
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